Human trophoblast syncytialization, a process of cell-cell fusion, is one of the most important yet least understood events during placental development. Investigating the fusion process in a placenta in vivo is very challenging given the complexity of this process. Application of primary cultured cytotrophoblast cells isolated from term placentas and BeWo cells derived from human choriocarcinoma formulates a biphasic strategy to achieve the mechanism of trophoblast cell fusion, as the former can spontaneously fuse to form the multinucleated syncytium and the latter is capable of fusing under the treatment of forskolin (FSK). Live-cell imaging is a powerful tool that is widely used to investigate many physiological or pathological processes in various animal models or humans; however, to our knowledge, the mechanism of trophoblast cell fusion has not been reported using a live-cell imaging manner. In this study, a live-cell imaging system was used to delineate the fusion process of primary term cytotrophoblast cells and BeWo cells. By using live staining with Hoechst 33342 or cytoplasmic dyes or by stably transfecting enhanced green fluorescent protein (EGFP) and DsRed2-Nuc reporter plasmids, we observed finger-like protrusions on the cell membranes of fusion partners before fusion and the exchange of cytoplasmic contents during fusion. In summary, this study provides the first video recording of the process of trophoblast syncytialization. Furthermore, the various live-cell imaging systems used in this study will help to yield molecular insights into the syncytialization process during placental development.
INTRODUCTION
During embryo implantation and placentation, the placental trophoblast plays an important role in fetal-maternal communication. Human placental villous cytotrophoblast cells (CTBs) differentiate by (1) undergoing an epithelial-mesenchymal transition-like change and forming highly invasive extravillous trophoblast cells to anchor the placenta into the maternal uterus and establish fetal-maternal circulation, or 2) fusing and forming the multinucleated syncytium via a process termed syncytialization [1, 2] . The syncytiotrophoblast (STB), the multinucleated syncytium forming the outer layer of the placental villi, is involved in establishing the natural barrier between the mother and developing fetus, which exchanges gas, ingests nutrition, and eliminates waste [3] . Well-formed syncytiotrophoblast in a placenta is very important to a successful pregnancy. Inadequate formation of this structure may lead to severe pregnancy disorders such as pre-eclampsia [4] .
The very first method, and one of the most important, used to study syncytialization is electron microscopy, by which placental ultrastructures have been examined and illustrated. First, many differences can be found among placentas from various stages of a human pregnancy. For example, more Hofbauer and Langhans cells and more cells of a transitional form between the cytotrophoblast and syncytiotrophoblast can be found in the first trimester placenta than in the term placenta [5] [6] [7] . Next, numerous variations in cellular organelles between the mononucleated cytotrophoblast layer and the multinucleated syncytiotrophoblast have been described. For example, a layer of dynamic microvilli can be found on the surface of the syncytiotrophoblast [8] . Furthermore, a form of a blunt pseudopodial cytoplasmic structure projects from CTBs into the syncytiotrophoblast and is characterized by a double membrane and dilations of the endoplasmic reticulum and mitochondria [9] .
Morphologically, CTBs fuse continuously with the overlying syncytiotrophoblast to maintain a functional syncytiotrophoblast layer throughout pregnancy [10] . Therefore, the syncytiotrophoblast is constantly supplied with fresh components from the fusing cytotrophoblasts. Not only cytoplasm but also CTB nuclei are deposited into the multinucleated layer. In 1968, a hormone-synthesizing human choriocarcinoma cell line, BeWo, was established [11] , which has been widely used as a model for mimicking trophoblast cell fusion in vitro under forskolin (FSK) treatment [12] . In 1986, primary CTBs isolated from human term placentas were found to be capable of differentiating and fusing spontaneously to form functional syncytiotrophoblast [13] . In 2006, a floating first-trimester villous explant model, called a syncytiotrophoblast denudation and regeneration model, was developed in which the syncytium-denuded villi could spontaneously reform the syncytiotrophoblast layer after 48 h of culture [14] . The above-mentioned models have been utilized to clarify key molecules involved in trophoblast syncytialization.
FIG. 1.
Live cell imaging of the spontaneous syncytialization of primary cultured human term cytotrophoblast cells (CTBs). A) Primary CTBs isolated from a term placenta (A 0 ) were stained with Hoechst 33342 dye. Still images from Supplemental Movies S1 (A) and S2 (B) are shown. Small cell clusters formed first (A 00 ) and sequentially aggregated with each other (A 000 ) until a large aggregate/syncytium-like structure was formed (A 000 ). B) A large aggregate/ syncytium-like structure was formed from several mononucleated cells. B 0 ) At first, two cells approached each other (red box). B 00 ) Next, some finger-like protrusions from each cell began to contact each other (red box). B 000 ) Finally, a syncytium-like structure was formed (area inside dotted line). The white arrowhead indicates a dead cell. C) Membranes of primary CTBs were immunostained with E-cadherin (red), and nuclei were stained with DAPI (blue) to Apart from placental development, cell fusion is also a developmental program and is an essential process in many other systems and events, including fertilization, fusion in leech [15] and Chlamydomonas gametes [16] , hyphal fusion in filamentous fungi [17] , hypodermal cell fusions in the Caenorhabditis elegans hermaphrodite [18] , myoblast fusion [19] , and the formation of osteoclasts from monocytes [20] [21] [22] [23] . Using live-cell imaging combined with other strategies, many interesting structures or molecules related to cell-cell fusion have been elucidated. For example, the fusion pore in the C. elegans epidermis [24] and the invasive podosome-like structure in myogenesis of the Drosophila embryo [25] have been described, and the F-family fusogens in C. elegans, epithelial fusion failure 1 (EFF-1) [26] [27] [28] , and anchor cell fusion failure 1 (AFF-1) [29] have been discovered.
However, to date, no live-cell imaging report has recorded the process of trophoblast syncytium formation. Deciphering the nature of syncytialization depends on a complete understanding of the spatial and temporal process of trophoblast cell-cell fusion and its respective biochemical machinery. In this study we traced the fusion process in primary cultured CTBs and BeWo cells by using a live-cell imaging system. Using different color systems, including live staining with Hoechst 33342 or cytoplasmic CellTracker (Invitrogen) dyes [30] , and stably expressing enhanced green fluorescent protein (EGFP) or DsRed2-Nuc in BeWo cells, we observed fingerlike protrusions on the membranes of neighbor fusion partners and cytoplasmic exchange between cells during fusion. These different live-cell imaging systems first established in the present study will help to further our understanding of the process of trophoblast fusion and its underlying mechanisms.
MATERIALS AND METHODS

Tissue Collection
Human placental tissues were collected in accordance with the policy of the Ethics Committee of the 306th Hospital of the People's Liberation Army. Informed consent was obtained from all women who donated their placentas. Samples were used according to standard experimental protocols approved by the Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences. For the spontaneous syncytialization studies, three term placentas delivered by cesarean section were collected under sterile conditions.
Cell Culture and Fusion Assay
Isolation of CTBs from human term placentas was performed as previously described [31] . Briefly, the placenta was cut into pieces and digested in Dulbecco modified Eagle medium (DMEM) with 0.125% trypsin and 0.03% DNase-I (Sigma). CTBs were separated by using Percoll method (GE Healthcare Bio-sciences AB) density gradient centrifugation. Trophoblast cells in the harvested cells were indicated by positive staining of cytokeratin 7 (CK7), a marker for trophoblast cells. Contamination of syncytial fragments was determined by staining for b-subunit of human chorionic gonadotropin (bhCG) [13] or placental alkaline phosphatase (PLAP) [32] . Cells (2 3 10 6 cells) were plated in 35-mm dishes in Iscove modified eagle medium (IMEM) with 10% FBS, 100 U/ml penicillin and 100 lg/ml streptomycin and cultured in a 5% CO 2 /95% air incubator at 378C. CTBs that spontaneously fused to form syncytia in vitro were confirmed by E-cadherin immunostaining and Western blot analysis of b-hCG.
The human choriocarcinoma cell line BeWo was obtained from American Type Culture Collection. BeWo cells were maintained in Ham F-12K (Kaighn) medium (Gibco BRL)/ DMEM (1:1 dilution; Hyclone) containing 10% fetal bovine serum (FBS; Gibco BRL), 100 U/ml penicillin, and 100 lg/ml streptomycin in 5% CO 2 /95% air at 378C. BeWo cells were treated with 50 lM FSK (Sigma-Aldrich) for 48 h, and cell fusion was assessed by (1) immunofluorescence using an anti-human E-cadherin antibody to show the cell membrane, followed by staining the nuclei with DAPI; or by (2) Western blotting of the whole-cell lysates using an anti-b-hCG antibody.
The total fusion index was determined by (N À S)/T, where N is the number of nuclei in the syncytia, S is the number of syncytia, and T is the total number of nuclei [33] . The two-cell fusion index was calculated as a percentage of double-nucleated cells/total nuclei. For CellTracker staining, the syncytium was designated the cell with a double-fluorescent cytoplasm [30] . All experiments were performed in triplicate. Cells in five randomly selected nonoverlapping fields were counted using microscopy. On average, there were approximately 350 cells in every selected field for the CTBs and 100 cells for the BeWo cells. Results are presented as means 6 SEM. Statistical analysis was performed by one-way ANOVA and paired-sample t-test, which was performed by using Statistical Package for Social Science software (SPSS for Windows [Microsoft] version 10.0; SPSS Inc.). P values ,0.05 were considered significant.
Immunofluorescence
Cells were fixed in 4% paraformaldehyde or ice-cold methanol. Staining of CK7 (product no. ab20206; Abcam) and E-cadherin (product no. sc-71008; Santa Cruz Biotechnology) was performed as previously described [2] . For bhCG (1:200 dilution; product Z2108; Zeta Corp) and PLAP (1:200 dilution; product sc-47691; Santa Cruz Biotechnology) staining, cells were fixed with ice-cold methanol and incubated at 48C overnight. Cells were washed with phosphate-buffered saline with Tween 20 (PBST) and incubated with the appropriate highly cross-adsorbed Alexa Fluor 488 goat anti-mouse immunoglobulin G (IgG; product A-21424; Molecular Probes) or Alexa Fluor 555 goat anti-mouse IgG (product A-11029; Molecular Probes). Images were acquired using confocal laser-scanning microscopy with a 203 or 633 objective lens (model LSM 780; Carl Zeiss), and image analysis (LSM Image Browser software; Zeiss). Antibody specificity was confirmed by incubating the slides with normal serum from the same species in which the primary antibody was generated.
Western Blotting
Whole-cell proteins were extracted with SDS lysis buffer (2% SDS, 50 mM Tris-HCI, pH 7.6, 2 mM EDTA, and 10% glycerol). Proteins were quantified using the BCA protein assay kit (Pierce Biotechnology). Twenty micrograms of extracted total proteins was subjected to SDS-PAGE and transferred electrophoretically onto pure nitrocellulose blotting membrane (Pall Corp). After blocking with 5% skim milk, the membrane was sequentially incubated with primary antibodies against b-hCG (code ab54410; Abcam) and GAPDH (code ab37187; Abcam) and with horseradish peroxidase-conjugated secondary antibodies. Signals were developed using the Gene Gnome imaging system (Syngene Bio-imaging).
CellTracker Staining
BeWo cells or primary cultured CTBs were separated into two populations and stained with 10 lM CellTracker Green CMFDA (5-chloromethylfluorescein diacetate; Molecular Probes, Invitrogen) or 10 lM CellTracker Orange CMRA (Molecular Probes, Invitrogen) for 30 min at 378C in the dark. Cells were then centrifuged for 5 min to replace the staining solution and were resuspended with fresh, pre-warmed medium containing 10% FBS. After incubating in the cell incubator for 30 min, the cells were washed three times with medium containing 10% FBS. Finally, the two populations were diluted to 1 3 10 6 /ml, mixed (5 3 10 
Establishment of EGFP-or DsRed2-Nuc-Overexpressing BeWo Cell Line
BeWo cells were transfected with pEGFP-N1 or pDsRed2-Nuc reporter plasmids (Clontech Laboratories Inc.) by using the Neon transfection system (Invitrogen) according to the manufacturer's instruction. Briefly, 5 3 10 5 cells were resuspended in resuspension buffer (Invitrogen) at a density of 1 3 10 7 cells/ml and incubated with 5 lg of plasmid. The transfection was performed at room temperature using Program 17 (850 volts, 30 ms, 2 pulses). Subsequently, cells were seeded into a 24-well cell culture plate. Two days after transfection, the cells were subjected to antibiotic selection using 1 mg/ml neomycin in 35-mm-diameter cell culture dishes in a humidified 378C/5% CO 2 incubator, and the neomycin-resistant clones were expanded for further studies.
Live-Cell Imaging
For primary cultured CTBs, cells were plated in 35-mm tissue culturetreated culture dishes (Corning) 12 h prior to video microscopy. For BeWo cells, cells were plated in 8-well chamber slides (Nunc; Thermo Fisher Scientific) in culture medium containing 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin and subjected to FSK (50 lM) treatment after attachment. Cells were imaged using an Eclipse Ti model inverted microscope with a 203objective lens (numerical aperture, 0.95; Nikon), an Orca ER model camera (Hamamatsu), and a Perfect Focus System. The microscope was surrounded by a custom-made enclosure to maintain constant temperature (378C) and atmosphere (5% CO2 and 95% air). The filter sets used were as follows: Hoechst 33342, 405 nm (excitation); green fluorescent protein (GFP), 488 nm (excitation); and RFP, 561 nm (excitation). Laser power was maintained at less than 10%. For BeWo cells and CellTracker-stained primary cells, we acquired 6 z sections with a step size of 0.75 lm in Hoechst 33342, GFP, and DsRed2 channels. For primary cells stained only with Hoechst 33342 dye, we did not acquire a z section. Image acquisition was controlled by using Volocity software (Perkin-Elmer). For human primary CTBs, the time-lapse images were recorded every 10-20 min for 48-60 h. For BeWo cells, the timelapse images were recorded every 10-15 min for 48 h.
RESULTS
Live-Cell Imaging of Spontaneous Syncytialization of Primary Cultured CTBs from a Term Placenta
To dynamically trace the process of trophoblast cell fusion, human primary CTBs were freshly isolated from a term placenta and stained with Hoechst 33342 dye. As shown in Figure 1A and Supplemental Movie S1 (all supplemental data are available online at www.biolreprod.org) mononucleated CTBs migrated to each other and formed a large aggregate/ syncytium-like structure with more than 40 nuclei. In detail, at the early stage of the syncytialization process, single mononucleated cells (Fig. 1A 0 ) began to aggregate (Fig. 1A 00 , area inside dotted line). Then, the cells gathered to form larger cell clusters (Fig. 1A 000 , area inside dotted line). Eventually, a large aggregate/syncytium-like structure was established that displayed a uniformly distributed cytoplasm (Fig. 1A 000 , area inside dotted line), and this process usually lasted for dozens of hours. After visualization of aggregation and possibly trophoblast fusion, we attempted to trace single cell-cell fusion. After plating, two mononucleated cells migrated vigorously and contacted each other with many protrusions (Fig. 1B 0 , red rectangular area). Remarkably, some protrusions from the two neighboring cells formed finger-like structures on the cell membranes of the leading edges of the fusion partners (Fig. 1B 00 , red rectangular area). Disappearance of the fingerlike protrusions might indicate a cell-cell fusion, and finally a syncytium-like structure was formed (Fig. 1B 000 , Supplemental Movie S2). To substantiate the syncytium formation profiled by live-cell imaging, we simultaneously separated cell populations for immunofluorescence staining with the cell membrane marker E-cadherin. As shown in Figure 1C , there were small syncytia with two or more nuclei (Fig. 1C, b-d) , whereas most of the other cells aggregated during the first 24 h of culture. Later, single cells and small syncytia continued to aggregate or fused to form cell clusters (Fig. 1C, e and f) or larger syncytia (Fig. 1C, e and f) . More than 95% of the isolated cells were trophoblast cells as indicated by CK7-positive staining (Fig. 1D, a) . To verify that most of the cells were cytotrophoblast cells rather than STB fragments, we performed immunofluorescence analysis of b-hCG and PLAP. As shown in Figure 1D , b and c, less than 2% of the cells were positive for these two markers (Fig. 1, yellow arrows) . In this respect, most of the isolated cells were relatively pure CTBs with minimal STB fragment contamination. A Western blot assay of b-hCG production showed that b-hCG dramatically increased during the time of spontaneous syncytialization (Fig.  1E ). To determine whether the multinucleated cells would allow single cells to fuse or would prevent new single cell-cell fusions from occurring, we performed numerical assessment of the proportion of cells that initially formed a 2-cell fusion in the context of the total fusion indices at 3 time points (12, 24 , and 48 h) (Fig. 1F) . The results showed that the two-cell fusion indices were approximately 3% at each time point, and no significant differences were found among the three time points.
To better define the multinucleated structure as a syncytium, we separated the primary CTBs into two populations and stained them with CellTracker Green CMFDA or CellTracker Orange CMRA cytoplasmic dyes. The two populations of cells were mixed, and the cells exhibited either a green or red fluorescent cytoplasm by fluorescence microscopy ( Fig. 2A) . Cell-cell fusion occurred between green cells, red cells or a green, and red cells. Figure 2 , A-D, and Supplemental Movie S3 show the fusion process, first, between a green mononucleated cell and a red multinucleated cell and then between another green double-nucleated cell and the newly formed syncytium. First, the cytoplasm of the green cell flowed into the neighboring red fusion partner (Fig. 2B 0 , white arrow). Next, the red signals flowed into the green cell (Fig. 2C 00 , white arrow). The newly formed syncytium exhibited a doublefluorescent cytoplasm (Figs. 2C 0 , C 00 , and 2C 000 , yellow to light orange in the merged image). During fusion of the former two partners, a third green cell (Fig. 2, yellow arrowhead) joined and deposited its green cytoplasm into the orange cytoplasm of the newly formed syncytium (Fig. 2C  000 ) . Meanwhile, the red signals also flowed into the third green cell (Fig. 2, B 00 and C 00 , white arrowhead). Later, the cytoplasm mixed homogeneously (Fig. 2D) .
Live-Image Profiling of Syncytium Formation of BeWo Cells after FSK Treatment
Furthermore, we used an FSK-induced fusion model with the choriocarcinoma cell line BeWo. with FSK. The stained cells exhibited either a green (Fig. 3A  00 ) or red (Fig. 3A 000 ) fluorescent cytoplasm under fluorescence microscopy. Meanwhile, all nuclei were visualized by blue fluorescence (Fig. 3, A 0 , B 0 , C 0 , and D 0 ). These cells were observed by live-cell microscopy, and the entire process of fusion was recorded as shown in Supplemental Movie S4. First, the green fluorescent cytoplasm flowed into the red fluorescent cytoplasm (Fig. 3B 00 , white arrow), and then the red fluorescent cytoplasm flowed into the green fluorescent cytoplasm (Fig. 3C 000 , white arrow). Finally, the cytoplasm of the newly formed syncytium mixed homogeneously and was visible with a double-fluorescent cytoplasm (Fig. 3D) . The success of the establishment of this fusion model upon 48-h FSK treatment was also simultaneously confirmed by Ecadherin immunofluorescence (Fig. 3E) and b-hCG Western blotting (Fig. 3F) .
Furthermore, we used both E-cadherin staining and CellTracker staining and compared the fusion index of primary cultured trophoblast cells (Fig. 2E) and FSK-induced BeWo cells (Fig. 3G) . For primary cultured CTBs, the fusion index acquired from E-cadherin staining was slightly higher than that from CellTracker staining at each time point. The latter method could generate three patterns of cell fusion, including greengreen cell fusion, red-red cell fusion, and green-red cell fusion (Fig. 2E, lower panel) . However, the fusion of cells with the same color was difficult to distinguish, which likely accounts for the lower fusion index than that of the E-cadherin method. For BeWo cells, the fusion index assessed from the E-cadherin group was higher than the CellTracker group at the early stage of fusion (24 h of culture) due to the better ability of E-cadherin to delineate the cell boundaries of a very small number of fused cells, especially the fusion of cells with the same color (Fig.  3G , left panel, area within the white dotted line). However, at 48 h of culture, the fusion index of the E-cadherin group was slightly lower than that of the CellTracker group. As shown in Figure 3G , middle panel, both techniques could omit some multinucleated cells; for example, the red-red cell fusion in the CellTracker group (Fig. 3 , within the white dotted line) and the unclear syncytium boundary in the E-cadherin (yellow, no. 4) and CellTracker groups (yellow nos. 1, 2, and 3).
Live-Cell Imaging of Trophoblast Cell Fusion Using Fluorescent EGFP and DsRed2-Nuc
Two BeWo cell lines were stably transfected with pEGFP-N1 or pDsRed2-Nuc reporter plasmids. The former line constitutively expressed EGFP and the latter exhibited nucleus-localized Discosoma spp. red fluorescent protein (DsRed2-Nuc). The two cell lines were cocultured, and timelapse images of the formation of multinucleated syncytia (Fig.  4A ) expressing both immunofluorescent proteins were recorded (Supplemental Movie S5). A green cell (Fig. 4B, B 0 , area inside dotted line) was in close proximity to a DsRed2-labeled double-nucleated cell with an invisible cytoplasm (Fig. 4B, B 00 , area inside dotted line). During the fusion process, the green fluorescence flowed into the cytoplasm of the syncytium with red nuclei (Fig. 4C , yellow dot-dashed line shows the boundary between the fusing partners that gradually vanished, as shown in Supplemental Movie S5). When the fusion was completed, a syncytium containing both red nuclei and uniformly distributed green cytoplasm was visible (Fig. 4D 000 ).
DISCUSSION
The syncytialization of human placental trophoblasts plays an important role in maintaining a successful pregnancy. Any imbalance in the syncytialization dynamics may be associated with pregnancy-related diseases such as pre-eclampsia [34, 35] , a complication characterized by high blood pressure and proteinuria that affects 3%-5% of pregnant women [36] . Several reports have indicated that the master players in syncytialization, including GCM1 and syncytins, are downregulated in pre-eclampsia [37, 38] . However, increased trophoblast fusion might also contribute to the onset of preeclampsia [39] . Thus, to ensure a healthy pregnancy and to better diagnose and treat pre-eclampsia, efforts to understand the nature of syncytialization and its connection with diseases should be approached from a cell biology viewpoint. Because of the lack of availability of models with which to study syncytialization, the basic characteristics underlying trophoblast cell fusion remain unknown. Using live-cell imaging, we report here for the first time the process of syncytialization in a spontaneous fusion model of primary CTBs and an FSKinduced fusion model of BeWo cells.
We observed that primary trophoblast cells isolated from term placentas exhibited high fusion capacity and that noticeable fusion occurred between primary mononucleated CTBs and small multinucleated syncytia. Interestingly, we found finger-like protrusions propelling along the membrane edges of opposing cells during primary cytotrophoblast fusion. These finger-like protrusions are very similar to blunt pseudopodial structures on CTBs that protrude into the syncytiotrophoblast, as observed in early electron microscopy studies on syncytialization [9] . In the well-studied Drosophila myoblast fusion model, an asymmetrical fusogenic synapse consisting of an invasive podosome-like structure in one cell and a thin sheath in the opposing cell was visualized by electron and fluorescence microscopy [19, 25] . The podosomelike structure formed during Drosophila myoblast fusion is composed of cell adhesion molecules encircling the F-actinenriched core and is critical for the formation of a fusion pore [19, 40] . The underlying mechanisms include the degradation of ECM components by protease secretion and the generation of a membrane curvature at the tip of each invasive finger by actin polymerization [41] . During the past decade, fusion pores have been found to emerge at the beginning of fusion and to expand to promote cellular substance exchange in many cell fusion types, including exocytosis [42] , myoblast fusion [25] , and cell fusion events during C. elegans development [24] . Therefore, during primary cytotrophoblast fusion, the fingerlike protrusion and subsequent formation of a pore-like structure originating at the cell periphery might imply the disassembly of the neighbor cell membrane and cytoskeleton, which allows adhesive interactions and cytoplasmic communications between the fusion partners. Furthermore, we also observed distinct cytoplasmic flow between the fusion partners, until cytoplasmic continuity was established during both spontaneous fusion of primary CTBs and FSK-induced fusion of BeWo cells. Whether this exchange of cytoplasmic portions was asymmetrical and whether a similar fusion of the underlying cytotrophoblast layer toward the syncytiotrophoblast layer also occurs in vivo in human placentas needs to be characterized.
Time-lapse live-cell imaging studies, combined with electron microscopy and different molecular and genetic strategies, have been used to illustrate the dynamics of various cell fusion processes. For example, the complexity of hyphal growth and anastomosis in Neurospora crassa during fusion competence, contact, postcontact, and postfusion stages has been delineated. Morphologically different fusion-competent hyphae can sense ''fusion signals'' and redirect their growth, and cytoplasmic flow between the fusing hyphae occurs frequently [43] . Influenza hemagglutinin-induced cell fusion shows cytoplasmic continuity and lipid mixing with pH and temperature dependence [44] . During cell fusion in the embryonic epidermis of C. elegans, the initiation and completion of fusion are kinetically different, and the membrane from different sides of the same cell are distinct in their fusogenicity [24] . Furthermore, eff-1 is required to control epidermal syncytiogenesis and expand the fusion pore [26] [27] [28] , and aff-1 is indispensable for anchor cell fusion, the fusion of two vulval rings [29] . F-actin foci at the site of Drosophila myoblast fusion have been recorded as transient structures, which appear and dissolve accompanying muscle growth [25] . Furthermore, the disrupted dynamics of actin polymerization have been observed in blow [45] and dpak3 [46] mutant embryos. Recently, the actin regulator N-WASp was shown to be an essential contributor to myogenic cell-cell fusion in mice [47] . Based on the above observations, different developmental cell fusions have some common aspects (i.e., fusion-competent cells follow a well-ordered sequence to fuse), and different examples of cell fusion share some underlying mechanistic similarities.
Live-cell imaging using several color-based tools, such as the CellTracker cytoplasmic staining or constitutively expressing EGFP/DsRed2-Nuc in the present study, has shown for the first time the complexity of trophoblast cell-cell fusion. However, how trophoblast cell-cell fusion is precisely orchestrated by multifactorial networks remains to be further investigated. Are different trophoblast cell types (for example, fusion-competent cells and founder cells) present in trophoblast syncytialization? Does fusion pore expansion also occur in trophoblast cell-cell fusion? Do CTBs possess any polarity in their fusogenicity in vivo? How do syncytins and their related partners merge trophoblast membranes? The live-cell imaging systems that we have established and further optimized, such as shortening the image acquisition intervals, are undoubtedly powerful tools to address the above questions.
Based on the literature, the fusion index reported by different groups varies largely. In the present study, we therefore assessed the fusion indexes of both primary CTBs and FSK-treated BeWo cells by using both the CellTracker and E-cadherin staining methods and found a slight discrepancy between them. We believe that the fusion index discrepancy derived from the two quantification techniques is partially due to the fusion ability. For the cells with a higher ability to fuse, such as primary CTBs at later fusion stages, the discrepancy would be smaller than BeWo cells with lower fusion ability. Furthermore, both methods could omit the visualization of some multinucleated cells, in that (1) the fusion of cells with the same color was difficult to distinguish by CellTracker, and (2) some syncytium boundaries could not be clearly visualized by E-cadherin staining. Apart from the staining technique, more factors may contribute to variances in the fusion index; for example, the culture conditions and the concentration of FSK treatment of BeWo cells or the isolation method and the individual differences among donors of primary CTBs may affect the fusion index. In short, given the advantages and disadvantages of both techniques, they can reasonably be used together to quantify the fusion index.
In summary, we have provided valuable information for the dynamic process of trophoblast syncytium formation using live-cell microscopy. The live-cell imaging technique combined with multiple molecular biological strategies will provide a foundation for a new conceptual framework for understanding the cellular and structural mechanisms underlying human trophoblast syncytialization in vivo, which remains the least known process among all cell-cell fusion systems.
